Coxiella burnetii and Legionella pneumophila are evolutionarily related pathogens with different intracellular infection strategies. C. burnetii persists within and is transmitted by mammalian hosts, whereas, L. pneumophila is found primarily in the environment associated with protozoan hosts. Although a type IV secretion system encoded by the defect in organelle trafficking (dot) and intracellular multiplication (icm) genes is a virulence determinant that remains highly conserved in both bacteria, the two pathogens encode a different array of effector proteins that are delivered into host cells by the Dot/Icm machinery. This difference suggests that adaptations to evolutionarily distinct hosts may be reflected in the effector protein repertoires displayed by these two pathogens.
Here we provide evidence in support of this hypothesis. We show that a unique C. burnetii effector from the ankyrin repeat (Ank) family called AnkG interferes with the mammalian apoptosis pathway. AnkG was found to interact with the host protein gC1qR (p32). Either the addition of AnkG to the repertoire of L. pneumophila effector proteins or the silencing of p32 in mouse dendritic cells resulted in a gain of function that allowed intracellular replication of L. pneumophila in these normally restrictive mammalian host cells by preventing rapid pathogen-induced apoptosis. These data indicate that p32 regulates pathogen-induced apoptosis and that AnkG functions to block this pathway. Thus, emergence of an effector protein that interferes with a proapoptotic signaling pathway directed against intracellular bacteria correlates with adaptation of a pathogen to mammalian hosts.
Legionella pneumophila | ankyrin repeat proteins | gC1qR (p32) | type IV secretion | pyroptosis T he bacterial pathogen Legionella pneumophila replicates inside protozoan hosts in soil and freshwater ecosystems (1) . A type IV secretion apparatus encoded by the defect in organelle trafficking (dot) and intracellular multiplication (icm) genes is an essential virulence determinant used by L. pneumophila to deliver bacterial effector proteins into the eukaryotic cell (2, 3) . The Dot/ Icm effectors delivered into host cells by L. pneumophila play an important role in modulating host vesicular transport processes to facilitate the biogenesis of a vacuole that enables intracellular replication (4) .
Although human infections sometimes can result in a severe pneumonia known as "Legionnaires' disease" (5), under most conditions aerosolized L. pneumophila that gain access to the lungs of a mammalian host are detected and cleared without signs of clinical disease, indicating that the mammalian immune system can recognize this pathogen efficiently and mount a response that limits replication (6) . One mechanism used by mammalian hosts to limit replication of L. pneumophila is to initiate a cell-death response shortly after intracellular infection. Mouse dendritic cells have been shown to block intracellular replication of L. pneumophila by rapidly activating a mitochondrial-dependent apoptosis pathway (7) . Mouse macrophages and dendritic cells can independently restrict intracellular replication of L. pneumophila by sensing flagellin through the host sensors nucleotide-binding domain, leucine-rich repeat containing protein (NLR) family, caspase recruitment domains (CARD) domain-containing 4 (NLRC4) and NLR family apoptosis inhibitory protein 5 (Naip5) (8) , which activate caspase-1 and trigger a form of cell death called "pyroptosis" (9) (10) (11) . Activation of pyroptosis and apoptosis by L. pneumophila is observed only when cells are infected with bacteria having a functional Dot/Icm system, indicating that mammalian cells respond to the activities controlled by this secretion apparatus.
Coxiella burnetii is an intracellular pathogen of mammalian hosts that causes an acute disease, Q-fever. Phylogenetic analysis of rRNA sequences revealed that C. burnetii is evolutionarily related to L. pneumophila (12) , and the families Legionellaceae and Coxiellaceae now comprise the order Legionellales. The genome sequence of C. burnetii confirmed this phylogenetic relationship and revealed that C. burnetii encodes a Dot/Icm apparatus that is similar in sequence and function to the Dot/Icm apparatus in L. pneumophila (13) . More than 150 genes have been identified in L. pneumophila that encode effector proteins translocated into host cells by the Dot/Icm system (2, 3). Although some of the predicted C. burnetii effectors contain sequence motifs that are found in L. pneumophila effectors, there does not appear to be significant overlap in the repertoires of the Dot/Icm effectors in the genomes of these two organisms (13) (14) (15) (16) . This lack of overlap suggests that different selective pressures applied by their natural hosts may have shaped the repertoire of effector proteins in each pathogen.
C. burnetii has a robust ability to interfere with apoptosis upon infection of mammalian cells (17, 18) , distinguishing it from L. pneumophila. If changes in the type IV effector repertoire are shaped in part by pathogen adaptations to new hosts, it is possible that C. burnetii might encode effectors that play a specific role in preventing apoptosis in mammalian cells. The only C. burnetii proteins that have been demonstrated to be delivered into host cells by the Dot/Icm system are those belonging to the Ankyrin repeat (Ank) family of effectors containing ankyrin repeat homology domains (ARHDs) (19, 20) . The role and function of these effectors during bacterial infection remain unknown. Thus, in an effort to determine whether C. burnetii has acquired effectors with a potent ability to prevent cell death, we decided to test whether any of the Ank proteins might have the capacity to block apoptosis.
Results
AnkG Is an Effector That Interferes with Apoptosis. To determine if any of the C. burnetii Ank proteins shown previously to be translocated into host cells by the Dot/Icm system might be sufficient to interfere with host-cell apoptosis, we ectopically produced these proteins in CHO cells and measured apoptosis after stimulation with the proapoptotic agent staurosporine. Nuclear morphology visualized by DAPI staining revealed that the expression of GFP-AnkG protected cells from staurosporineinduced apoptosis (Fig. 1A) . Conversely, expression of other C. burnetii Ank proteins was not sufficient to interfere with apoptosis when compared with the expression of GFP alone (Fig. 1A) . These results suggest that AnkG is a C. burnetii effector protein that interferes with the apoptosis pathway.
To understand how the AnkG protein prevents apoptosis, host proteins that interact with AnkG were identified by affinity chromatography (Fig. S1 ). The identity of host proteins that associated with AnkG, and not with GST alone, was determined by mass spectrometry and validated by coimmunoprecipitation studies. Testing interactions between GFP-tagged AnkG and candidate host proteins tagged with HA validated a complex containing AnkG and gC1qR (p32) (Fig. S1 ). The host protein p32 was found to interact with AnkG and not with other C. burnetii Ank proteins tested (Fig. 1B ). An interaction between GFPAnkG and endogenous p32 was also detected (Fig. 1C) . Thus, the binding of p32 to AnkG is specific, and p32 binding is not a general property displayed by C. burnetii Ank proteins.
Inhibition of Apoptosis Correlates with AnkG Binding p32. Truncation derivatives were used to identify the amino acid regions in AnkG required for inhibition of apoptosis. The production of HA-AnkG inhibited staurosporine-induced apoptosis ( Fig. 2A) , confirming the antiapoptotic activity observed for GFP-AnkG. The HA-AnkG Δ92-157 protein inhibited staurosporine-induced apoptosis, indicating that the ARHDs encoded in the deleted region were not essential for the antiapoptotic activity of AnkG ( Fig. 2A) . Production of HA-AnkG 1-69 was sufficient to interfere with apoptosis, and production of HA-AnkG 70-339 did not interfere with apoptosis ( Fig. 2A) . Similar deletion derivatives were used to identify the p32-interacting region in AnkG. Coprecipitation of HA-p32 was observed with GFP-AnkG 1-339 , GFPAnkG Δ92-157 , and GFP-AnkG 1-69 but not with AnkG 70-339 (Fig.  2B) . Thus, the amino terminal AnkG 1-69 region encodes a domain that is both necessary and sufficient for inhibition of apoptosis and p32 interaction.
Reducing the levels of p32 in mammalian cells has been shown to make them more resistant to apoptosis (21, 22) , suggesting that p32 has a proapoptotic activity. Consistent with these data, when p32 levels were reduced using siRNA ( Fig. S2 ) and cells were exposed to UV light, apoptosis was diminished in the silenced cells (Fig. 2C) . Taken together, these data suggest that AnkG may interfere with p32-dependent activities important for activating apoptosis.
Translocated AnkG Interferes with Pathogen-Induced Apoptosis. Although AnkG was able to interfere with apoptosis when overproduced in mammalian cell lines, it remained to be determined whether delivery of the native AnkG protein by the Dot/Icm system was sufficient to interfere with apoptosis during bacterial infection. Because the construction of an isogenic C. burnetii ankG mutant is not feasible, a gain-of-function analysis was conducted to determine if L. pneumophila producing AnkG could prevent apoptosis. Staurosporine-induced apoptosis was reduced significantly in CHO-FcR cells infected with L. pneumophila that produced the C. burnetii AnkG protein, whereas the majority of cells infected with L. pneumophila containing vector alone or containing vector producing the control C. burnetii AnkB protein %fragmented nuclei showed signs of apoptosis, as determined by TUNEL staining (Fig.  3A) . Thus, translocated AnkG is sufficient to block staurosporineinduced apoptosis in immortalized CHO FcR cells. L. pneumophila infection causes rapid apoptosis in mouse bone marrow-derived dendritic cells (DCs), and this pathogen-induced event limits the capacity of L. pneumophila to replicate in these cells (7) . We reasoned that if the AnkG protein was a type IV effector with the ability to limit pathogen-induced apoptosis, then the addition of AnkG to the repertoire of L. pneumophila effector proteins might enable this pathogen to block apoptosis following infection of primary mouse DCs. A flagellin-deficient (ΔflaA) strain of L. pneumophila was used to avoid activating the caspase-1-dependent pyroptosis pathway of cell death regulated by the host sensors Naip5 and NLRC4. Approximately 50% of the DCs infected for 6 h with L. pneumophila ΔflaA containing vector alone (pJV400) had apoptotic nuclei as determined by TUNEL staining, whereas that percentage decreased significantly, to roughly 10%, in DCs infected with the isogenic L. pneumophila ΔflaA strain encoding AnkG (graphs in Fig. 3B and images in Fig. S3 ). Bacterial uptake was not affected by the addition of AnkG (Fig. S3) , suggesting that the AnkG delivered by the L. pneumophila Dot/ Icm system is able to disrupt pathogen-induced apoptosis in DCs.
DCs obtained from mice that have genetic alterations that interfere with induction of apoptosis have been shown to support the intracellular replication of L. pneumophila (7). If translocated AnkG were sufficient to limit pathogen-induced apoptosis, then L. pneumophila producing AnkG should gain the ability to replicate in DCs from wild-type mice. Consistent with this hypothesis, large vacuoles harboring replicating bacteria were abundant in DCs infected with L. pneumophila ΔflaA producing AnkG but not in DCs infected with L. pneumophila ΔflaA with vector alone or with a vector encoding AnkB from C. burnetii (images in Fig. 3C and graphs in Fig. S3 ). Bcl-2-associated X (Bax) and BCL2-antagonist/killer (Bak) are host pore-forming proteins that regulate cytochrome c release from mitochondria and are required for induction of pathogen-induced apoptosis (7, 23) . Replication of L. pneumophila producing AnkG was not enhanced in DCs deficient in Bax and Bak compared with control DCs (Fig. S3) , suggesting that these proteins are in the same pathway. This epistatic relationship supports a genetic interaction between AnkG and host proapoptotic regulatory factors.
Truncation derivatives of AnkG were used to map the region required for inhibition of pathogen-induced apoptosis. Using adenylate cyclase toxin fusion proteins to measure protein delivery into the cytosol, we determined that both truncation derivatives AnkG 1-69 and AnkG 70-339 were translocated into mammalian cells by the L. pneumophila Dot/Icm apparatus (Fig. S4) . Replication in DCs was observed for L. pneumophila producing AnkG 1-69 but not for L. pneumophila producing AnkG 70-339 (images in Fig. 3D and graphs in Fig. S3) . Thus, the p32-interacting region of AnkG is both necessary and sufficient for inhibition of pathogen-induced apoptosis.
Pathogen-Induced Apoptosis Is Regulated by p32. Our results suggest that AnkG prevents pathogen-induced apoptosis by interfering with p32 function and thus predict that p32 would be required for restriction of L. pneumophila replication in mouse DCs. To test this hypothesis, p32 protein levels were reduced in mouse DCs using siRNA (Fig. S5) . Pathogen-induced apoptosis was reduced in p32-silenced DCs infected with L. pneumophila ΔflaA to levels similar to those observed for L. pneumophila ΔflaA producing AnkG and the Dot/Icm-deficient mutant (ΔdotA) (Fig.  4A) . Bacterial uptake was unaffected by DCs after silencing of p32 (Fig. S5) . Importantly, the blocking of pathogen-induced apoptosis resulting from p32 silencing was sufficient to allow replication of L. pneumophila ΔflaA in mouse DCs (graphs in Fig.  4B and images in Fig. S5 ). The ability of L. pneumophila ΔflaA to replicate in DCs and the associated defects in pathogen-induced apoptosis that resulted from silencing of p32 with a siRNA pool also were observed using individual siRNAs directed against nonoverlapping regions of the transcript encoding p32 (Fig. S5) , indicating that these effects are specific to the silencing of p32. Last, it was determined that wild-type L. pneumophila expressing flagellin were unable to replicate in DCs after p32 silencing, indicating that p32 is not important for the pyroptotic cell death pathway controlled by Naip5 and NLRC4 (Fig. 4C) . Thus, p32 plays a critical role in the pathogen-induced apoptosis pathway resulting from L. pneumophila infection.
Discussion
In addition to having a well-defined and critical role in development, apoptosis is emerging as an important innate immune response that enables cells damaged by either infectious agents or noninfectious pathological conditions to be cleared from the body. Although many intracellular pathogens inhibit apoptosis to enhance their intracellular survival and replication, the mechanisms that are used to interfere with apoptosis are not well understood. C. burnetii, the etiological agent of the human disease Q fever, was found to inhibit induction of apoptosis by targeting pathways upstream of cytochrome c release (17, 18) . Although bacterial protein synthesis was shown to be required for inhibition of apoptosis, C. burnetii protein(s) involved in this process were not identified, and the mechanism by which they might function remained unknown. Here, we show that AnkG, a C. burnetii protein demonstrated to be a substrate of the Dot/Icm type IV secretion system (19, 20) , had an activity that interfered with the induction of apoptosis.
The AnkG protein has a calculated mass of 39 kDa and is predicted to contain two ARHDs. Deletion derivatives revealed that the amino terminal 69 amino acids of AnkG, which did not contain either of the predicted ARHDs, were both necessary and sufficient for the antiapoptotic activity of this C. burnetii protein. This region of the AnkG protein was found to bind specifically to the mammalian protein p32. Thus, both the antiapoptotic activity and the p32-binding activity were localized to this amino terminal region in AnkG. The specificity of AnkG binding to p32 and the correlation between the region involved in p32 binding and inhibition of apoptosis strongly suggested that AnkG targeting of p32 could explain the mechanism by which AnkG interferes with host-cell apoptosis.
It has been speculated that p32 may participate in the regulation of apoptosis (24) . Previous studies have shown that silencing of p32 reduced cisplatin-, harakiri-, and p14ARF-p16INK4a locusinduced apoptosis (21, 22, 25) . Similarly, we found that p32 silencing conferred protection against UV-induced apoptosis. Our data also indicate that p32 may play a physiologically important role in regulating apoptosis in response to microbial infection. The bacterial replication and cell-death phenotypes observed when AnkG was added to the repertoire of L. pneumophila effector proteins were duplicated when p32 was silenced in mouse DCs. This result provides additional evidence that interfering with p32 function would be a possible mechanism to prevent pathogeninduced apoptosis from occurring during infection and that AnkG has evolved to function in this capacity.
Analysis of the genomes sequenced for L. pneumophila and C. burnetii revealed extensive plasticity in the type IV effector repertoires and conservation in components of the Dot/Icm apparatus (13) (14) (15) (16) . The versatility of the Dot/Icm apparatus in mediating the translocation of a large number of structurally diverse effector proteins into evolutionarily distinct eukaryotic host cells probably has contributed to the retention of the apparatus as members of the order Legionellales diverged. By contrast, effector plasticity probably is driven by the ease with which new genes obtained by horizontal transfer can be incorporated into the type IV effector repertoire and the ease with which effectors can be lost because of functional redundancy. As a result, L. pneumophila and C. burnetii now are remarkably different organisms, as reflected by an extensive nonoverlapping repertoire of effectors. Work presented in this study shows how the horizontal transfer of a single effector protein can result in a phenotypic change that enables L. pneumophila to replicate in a new eukaryotic host cell. In the example shown here, the protein AnkG was found to be an effector that inhibits apoptosis. Induction of apoptosis is an important host-cell defense mechanism of mammalian cells, the natural host for C. burnetii, but not of the protozoan host of L. pneumophila. Thus, AnkG illustrates how infection strategies for a specific host can be reflected in the repertoire of type IV effector proteins.
Materials and Methods
Reagents, Cell Lines, and Bacterial Strains. Unless otherwise noted, chemicals were purchased from Sigma. Complete protease inhibitor and Fugene 6 were from Roche. Protein A and Protein G Sepharose were from Pharmacia. CHO and CHO-FcR fibroblasts were grown in alpha-MEM (Gibco) containing 10% heatinactivated FBS. HeLa and HEK293 cells were maintained in DMEM containing 10% FBS. Bone marrow derived-DCs were prepared as described in ref. 7 . Ted Hackstadt (NIH Rocky Mountain Laboratories, Hamilton, MT) generously provided a plaque-purified isolate of the C. burnetii phase II Nine Mile strain. Cultivation and host-cell infection by C. burnetii were conducted as described (17) . Escherichia coli strains DH5α and BL21 (DE3) were cultivated in LB medium. L. pneumophila serogroup 1 strains were grown on charcoal yeast extract plates as described (19) .
Mice. C57BL/6 mice were purchased from Jackson Laboratories. All animals were maintained in accordance with the guidelines of the Yale Institutional Animal Use and Care Committee.
Plasmids and Primers. Plasmids and primers used in this study are described in Tables S1 and S2 . Assays to Measure Replication and Vacuole Formation in DCs. Single-cell assays to measure uptake and formation of vacuoles that support L. pneumophila replication and cfu-based assays to measure intracellular replication of L. pneumophila in mouse DCs were conducted as described previously (7) .
Coimmunoprecipitation, Immunoblotting, and siRNA Silencing. Protein A Sepharose was used for all immunoprecipitations studies. ON-TARGETplus SMARTpools and the corresponding set of four individual siRNAs for siRNA silencing of p32 in human and mouse cells were purchased from Thermo Scientific. 
